Type III secretion systems are essential virulence determinants for many Gram-negative bacterial pathogens. The type III secretion system consists of cytoplasmic, transmembrane, and extracellular domains. The extracellular domain is a hollow needle protruding above the bacterial surface and is held within a basal body that traverses both bacterial membranes. Effector proteins are translocated, via this external needle, directly into host cells, where they subvert normal cell functions to aid infection. Physical contact with host cells initiates secretion and leads to formation of a pore, thought to be contiguous with the needle channel, in the host-cell membrane. Here, we report the crystal structure of the Shigella flexneri needle subunit MxiH and a complete model for the needle assembly built into our three-dimensional EM reconstruction. The model, combined with mutagenesis data, reveals that signaling of host-cell contact is relayed through the needle via intersubunit contacts and suggests a mode of binding for a tip complex.
B
acillary dysentery is caused by Shigella species, which are responsible for over a million deaths worldwide annually (1) . The genes required for invasion are clustered on a 31-kb fragment of a large virulence plasmid (2) (3) (4) . Within this region, the mxi͞spa operons encode a type III secretion system (T3SS) that is required to deliver virulence effectors into host cells. The secretion apparatus spans the two bacterial membranes and possesses an extracellular needle that, upon activation, inserts a pore into the host-cell membrane (Fig. 5 , which is published as supporting information on the PNAS web site). Many of the 25 proteins from which the T3SS is constructed are similar in either sequence or function to proteins of the bacterial flagellum (5) , and export of the axial flagellar components is highly analogous to export through a virulence T3SS (6) . However, T3SSs (and not flagellar systems) undergo host-contact-mediated activation and translocation of effector proteins into host cells, apparently through direct contact of the external distal tip of the apparatus with the host cell (7) (8) (9) . The role of the needle has been probed by using mutagenic studies of the needle-subunit proteins from Yersinia and Shigella (10, 11) . In these systems, point mutations were identified that led to constitutive secretion of effectors and experimentally uninducible needles. These data suggest that the needle is important for transmission of the host-cell detection signal and activity of the T3SS of bacterial pathogens of animals. The T3SS needle is, therefore, a multifunctional structure that participates in the secretion and translocation of virulence proteins (12) (13) (14) (15) and in the cell-contact regulation of type III secretion. However, the mechanism by which host-cell sensing and transmission of the activation signal to the secretion apparatus at the base of the T3SS occurs remains unknown.
We have previously demonstrated, by x-ray fiber diffraction and EM, that the Shigella flexneri needle shares an identical helical architecture (Ϸ5.6 subunits per turn, 24-Å helical pitch) and inner channel diameter (Ϸ2 nm) with the flagellar rod, hook, and filament (16) . This architectural similarity is maintained despite the subunit of the T3SS needle being four to five times smaller and displaying no primary sequence homology with flagellar axial proteins. This finding suggests that the size of the subunit protein determines the outer diameter of the filament, whereas the inner diameter remains constant. The needle may, thus, represent the minimum core required to build a filament of this size with this architecture.
Atomic-level structural information for components of the secretory apparatus of the T3SS remain scarce despite there being a significant number of structures for effectors and their cytoplasmic chaperones (17) . To increase our understanding of the T3SS, we have determined the structure of the S. flexneri T3SS needle subunit MxiH and docked this model into our three-dimensional EM reconstruction of the intact needle.
Results and Discussion
The construct of the S. flexneri T3SS needle subunit MxiH used in this study has been described (11, 18) , and the sequence is shown in Fig. 1A (row 2) compared with the wild-type sequence (row 1). The crystal structure of MxiH has been determined to 1.9-Å resolution ( Fig. 1 , Table 1, and Tables 2 and 3 , which are published as supporting information on the PNAS web site). The structure of MxiH (Fig. 1B) consists of two extended helices connected by a short Pro-Ser-Asn-Pro (PSNP) turn (Fig. 1C) . Two different conformations of MxiH (hereafter called molecules A and B) were seen as two crystallographically distinct copies in our crystal structure. In both molecules A (residues 20-81) and B (residues 15-75) the N terminus is disordered despite being strongly predicted to form a helix at the primary sequence level (11) . The ''head'' (Fig. 1B, residues superposes well between the two crystallographically distinct copies of MxiH (Fig. 6 , which is published as supporting information on the PNAS web site) (rms difference of 0.2 Å over C ␣ atoms), and the orientation of the head with respect to the ''tail'' is determined by differences in the degree of bending of the long C-terminal helix (Fig. 1D ). This finding implies the presence of a molecular hinge between the head and tail of MxiH that may be important for signaling within the intact needle, as discussed below.
The crystal structure of MxiH (which is at least 24% identical in primary sequence to most animal-pathogen T3SS needle subunits) provides the first detailed picture of a T3SS needle subunit and reveals similarities to two other proteins that form polymeric assemblies with identical helical architecture to the T3SS needle.
The D0 portion of flagellin (19) and the enteropathogenic Escherichia coli T3SS needle-extension component EspA (20) (Fig. 1E ) both possess two long antiparallel helices as seen for MxiH, suggesting that this structural feature is required to build such a helical assembly. MxiH also has structural similarity to the Yersinia T3SS protein YscE (21) (Fig. 1E) , which has recently been proposed to be the chaperone for YscF, the Yersinia needle subunit (22, 23) . The strong structural similarity between a needle subunit, MxiH, and a needle-subunit chaperone, YscE, suggests that the subunit-chaperone interactions might mimic the subunit-subunit interactions in the assembled needle to block further polymerization. Details of these similarities are discussed further in Supporting Methods, which is published as supporting information on the PNAS web site.
A model of the Shigella T3SS needle was generated by docking the crystal structure for MxiH into the 16-Å density map from our earlier three-dimensional EM reconstruction of the needle (16) (see also Methods and Supporting Methods). Initial docking was performed manually and optimized by using rigid-body refinement with strict helical constraints to maintain the overall symmetry of the needle. The optimal orientation of the crystal structure in the reconstruction was with the major axis of the monomer in line with the major axis of the needle (as oriented in Fig. 2A ) and the tail buried in the core of the assembly with the head group decorating the surface [the correlation coefficient (CC) between this model and the experimental EM density is 71%, with molecule A]. A possible alternative orientation, with the head group facing the channel, is not compatible with the experimental density (CC ϭ 35%). This optimal orientation agrees with that described for both the hook and flagellin subunits in the bacterial flagellum (19, 24) . The bend of the A molecule of MxiH fits the shape of the EM density well (as demonstrated by the CC of 71% for the optimal position), as the orientation of the head matches the surface features of the needle ( Fig. 2 B and C) , whereas the B molecule is not consistent with the observed needle density (CC ϭ 47% for optimized positioning of molecule B). Although the conformation of the B molecule may be induced by crystal packing, it is also possible that it reflects the structure of the needle subunit when the needle is in a different activation state from that for which we have an EM reconstruction (16, 25) . The C-terminal helix forms the outer shell of the needle core, whereas the PSNP loop directs the N-terminal helix to line the inner wall of the needle channel. This arrangement is unlike the flagellum, where the C-terminal flagellin helix lines the central channel (19) . The model for the needle contained a gap of the appropriate size and position to accommodate the N terminus of MxiH, which was modeled as a helical extension to our experimental structure (Fig. 2 A) . This extended model for full-length MxiH is improved in its fit to the observed EM density (CC ϭ 84%; Fig. 2 B and C and Movie 1, which is published as supporting information on the PNAS web site) and constitutes the first atomic model for an intact T3SS needle.
The model reveals that the C terminus of MxiH is involved in extensive intersubunit contacts (Fig. 3A) . This packing arrangement, in combination with the nonpolymerizing phenotype of C-terminal truncations of MxiH (11) , suggests that this interaction plays a key role in stabilizing the T3SS needle. The observation that the N terminus remains disordered within the context of an almost full-length MxiH monomer suggests that either the five C-terminal residues are essential for N-terminal helix formation or that this region becomes folded only within the intact needle (as it is thought to occur for flagellin) (26) (27) (28) . In the latter case, the unfolded N terminus might facilitate ease of movement through the central channel, and folding of the N-terminal helix may be important for correct packing of monomers in the assembled needle. It is worth noting that the size of the channel in the center of the assembly is likely to allow secretion of only single ␣-helices and random coil, rather than fully folded structures (Fig. 7 , which is published as supporting information on the PNAS web site). However, because the N-terminal helix was not visible in the crystal structure, we cannot speculate as to the precise chemical nature of the channel lining. A large proportion (57% covering 2,654 Å 2 ) (see Supporting Methods) of the subunit surface area is buried in the context of the needle assembly, consistent with the observation that many single mutations (W10A, Y57A, K69A, K72A, and R83A) are capable of severely altering needle polymerization (11) .
The mechanism by which host-cell sensing, occurring at the tip of the needle, is transmitted to the secretion apparatus at the base is unknown (7-9). We have previously proposed that signaling occurred via changes in the helical architecture of the needle in ways analogous to those known to control flagellar filament switching. EM studies failed to detect alterations in the helical architecture of functionally altered mutant needles (25) . However, mapping onto our needle model of a mutant (D73A) that leads to uncontrolled secretion and also renders the needle insensitive to all further forms of activation (11) provides some insight. The location of D73 within the needle assembly strongly suggests that this mutation acts by modulation of the contacts between the tail of one monomer and the head of the subunit packing below (Fig. 3B) . This mutation and also four others that lead to severe defects in hemolysis and invasion despite normal needle assembly (11) (D75A, I78A, I79A, and Q80A) cluster within the same region of the needle (Fig. 3B) , implying that this region is key to signaling the activation state of the assembly. These mutational data, combined with analysis of the dynamics of the monomer (showing that the major motion is a movement of the head with respect to the tail) (Movie 2, which is published as supporting information on the PNAS web site, and Supporting Methods) and the dual conformations of the head of MxiH seen in the crystal structure now lead us to propose that transmission of the signal from the tip to the base will be defined by reorientation of the subunit head relative to its tail, inducing subtle changes in the packing of the needle without altering the helical parameters defining the structure.
Mutations to alanine at P44 or Q51 lead to secretion of effectors before activation by the artificial inducer Congo red, although this stimulus is able to further increase secretion levels (11) . As residues P44 and Q51 are exposed on the outer surface at the top of the needle (Fig. 4A) , it is possible that they act to produce the functional phenotype by altering the interactions with protein(s) postulated to lie at the tip of the needle. A similar mechanism was proposed to explain the constitutive secretion phenotype of the mutation D46A in the same region of the homologous Yersinia needle subunit YscF (10) (an Ϸ9-kD protein with 28% sequence identity to MxiH; Fig. 4 A and B and Fig. 8 , which is published as supporting information on the PNAS web site). To date, tip-protein complexes have been visualized for a limited subset of highly related T3SSs, typified by the Yersinia system, where the protein LcrV is critical to assembly of the tip complex (29) . Despite lacking any sequence homology, the crystal structure of LcrV (30) possesses a long, bent ␣-helix at the C terminus that is structurally homologous (rms difference of 0.76 Å over 31 C ␣ atoms) (Supporting Methods) to the C-terminal helix of MxiH that is critical for stabilizing MxiH subunits in the Shigella needle (Fig. 4C) . By using MxiH as a model for the Yersinia needle subunit, YscF, a Yersinia tip complex was built by superimposing the LcrV C-terminal helix onto the structurally equivalent helix of the needle subunits at the tip of the needle. The needle monomers used for placing LcrV monomers were then removed, producing a model with no significant atomic clashes between tip-complex subunits. Addition of more than five LcrV monomers is not possible because of the size of the N-and C-terminal domains of the already placed LcrV monomers. Although the biological data to date do not allow us to know how many copies of LcrV are present at the tip of the Yersinia needle, it is of note that this simple tip-complex model is visually reminiscent of the EM images of the Yersinia tip complex (29) (Fig. 4D) . The model packs both the putatively tip-interacting residues (P44 and Q51 of Shigella and D46 of Yersinia) and a patch of residues strongly conserved among all T3SS needle components (Fig. 9 , which is published as supporting information on the PNAS web site) between two subunits of the tip complex. Mutations at the surface of the head of the needle subunit are likely to lead to altered secretion by directly altering binding, or conformation, of the tip complex. This arrangement provides a mechanism for initiation of a signal, via the tip complex, directly to the head of the needle subunits at the tip of the needle that can then be propagated down the needle.
Materials and Methods
Crystal Structure Determination. Protein preparation and crystallization are as described in ref. 18 and in Supporting Methods. Initial phases were computed with the program SHARP with the multiple isomorphous replacement (MIRAS) method, by using data from a native crystal, two selenomethionine (SeMet)-labeled crystals (three wavelengths, one Se site), and a uranyl acetate derivative (one U site). For details of data collection statistics and heavy-atom finding, see ref. 18 and Supporting Methods. Solvent-flattening using programs CCP4-DM and SOLOMON gave a 3.2-Å map that was used for manual building, in Xfit, of an initial model, comprising residues 31-53 of molecule A and residues 21-38 and 41-69 of molecule B. After refinement in Buster-TNT, this initial model was used to aid mask-determination in a second round of solvent-flattening of the experimental phases which produced a 2.1-Å map that enabled automated model-building in ARP͞wARP (101 residues were built, 61 of which were docked into sequence). Alternate cycles of refinement and manual building led to the final model for residues A20-81 and B15-75. Literature citations for crystallographic computing programs are provided in Supporting Methods. Fitting of the Model in the EM Needle Reconstruction. The EM needle density (in both hands) was put in a P1 cell of dimensions: a ϭ b ϭ 159.0 Å, c ϭ 120.7 Å, ␣ ϭ ␤ ϭ ␥ ϭ 90.0°, with the needle axis directed along c. The model to be fit was manually placed in the needle density, to give an initial model for the needle constructed by generating 27 more copies obeying the helical symmetry, the nth copy using the helical operator: Euler angles: ␣ ϭ 0.0°, ␤ ϭ 0.0°, ␥ ϭ n⅐64.3°; translation vector t x ϭ 0.0, t y ϭ 0.0, t z ϭ n⅐4.31 Å. A set of 1,563 structure-factor intensities was computed from the P1 needle density in the resolution range 158-16 Å by using the program CCP4-FFT; the associated statistical uncertainty (su) was computed as (I hkl ) ϭ ͌ (I hkl ) in CCP4-SFTOOLS; structure-factor amplitudes (and associated su) were computed from these intensities by using the program CCP4-TRUNCATE. Models were rigid-body refined in Buster-TNT by using hard NCS constraints; the calculated su were used in computing the likelihood in a standard fashion. Refinement was driven by maximum likelihood with nonbonding restraints to minimize clashes. The refined models were then scored by using CCs between calculated and observed maps, computed with the program MAPMAN. A variety of starting positions, including head group on the surface and in the core (each in both vertical orientations), were tested. The hand of the helical structure was determined empirically by attempting fits of the two crystallographic monomers to the density in both hands. For both the A and B monomers, the best fit was to the right (R)-handed 
